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Spatiotemporal Dynamics of CREB Phosphorylation:
Transient versus Sustained Phosphorylation
in the Developing Striatum
Fu-Chin Liu* and Ann M. Graybiel† ing neonatal development, when neurons exhibit ex-
treme activity-dependent neuroplasticity (Goodman and†Massachusetts Institute of Technology
Department of Brain and Cognitive Sciences Shatz, 1993).
We chose the developing striatum as a promising sys-Cambridge, Massachusetts 02139
*National Yang-Ming University tem for studying such signal integration at CREB, be-
cause cAMP, activated by dopamine D1-class (D1/D5)Institute of Neuroscience
Taipei, Taiwan 11221 receptors, and Ca21, fluxing through voltage-sensitive
Ca21 channels or NMDA glutamate receptors, are majorRepublic of China
signaling systems in the striatum that are already known
to have striatum-enriched molecular targets that could
control CREB phosphorylation (Halpain et al., 1990).Summary
The D1-class dopamine receptor–cAMP cascade can
activate the phosphatase inhibitor dopamine and aden-The cAMP response element–binding protein (CREB)
osine 39,59-monophosphate–regulated phosphoproteinis a plasticity-associated transcription factor that can
(DARPP-32) by phosphorylation, and Ca21 can activatepotentially integrate cAMP and calcium signals at the
the Ca21/calmodulin-dependent protein phosphatasegene activation level. We tested for convergent Ser-
calcineurin (protein phosphatase 2B [PP-2B]). More-133 phosphorylation of CREB via dopamine D1/D5 re-
over, during the early postnatal period, both DARPP-32ceptors and L-type calcium channels in organotypic
and calcineurin are concentrated in readily identifiablecultures of neonatal striatum. We found such conver-
clusters of striatal neurons (striosomes) and are weaklygence only transiently. Sustained CREB phosphoryla-
expressed in the surrounding tissue (matrix) (Foster ettion by D1/D5 receptor and L-type channel agonists
al., 1987; Goto and Hirano, 1989). This suggested that bywas targeted to opposite (striosome and matrix) cellu-
using a preparation that preserved the striosome–matrixlar phenotypes. Subsequent expression of the CRE-
architecture of the striatum, we could analyze the regula-containing gene, c-fos, matched the divergent pat-
tion of CREB phosphorylation/dephosphorylation interns of sustained CREB phosphorylation, and both
neurochemically distinct cell populations: cells of strio-divergent patterns could be switched by inhibition of
somes, in which two key phosphatase control elementsphosphatases, including calcineurin. Control of the
are strongly expressed, and matrix cells, in which theirduration of CREB phosphorylation may be a critical
expression levels are low.regulator of CRE-mediated gene expression by dopa-
To gain this technical advantage, we used an organo-mine and calcium.
typic slice preparation of newborn rat striatum that we
have found to preserve both the physical striosome–Introduction
matrix architecture of the striatum and many of the dis-
tinct neurochemical properties of these compartmentsIntracellular cascades activated by different membrane
as well (Liu et al., 1995). We tested for convergent activa-receptors and channels are coordinated in individual
tion of CREB by stimulating D1/D5 dopamine receptorsneurons throughout the nervous system. Yet how this
and L-type voltage-sensitive Ca21 channels in the slicescoordination is made specific for neurons in different
and then monitoring CREB phosphorylation immunocy-regions and functional states is still unknown. The inte-
tochemically in striosome and matrix neurons with angration of cAMP and Ca21 signals presents an important
antiserum recognizing CREB phosphorylated on Ser-case in point. cAMP and Ca21 are widely distributed
133 (phospho-CREB [PCREB]) (Ginty et al., 1993). Wesecond-messenger systems in the brain, involved in me-
then manipulated phosphatase activity in the slice phar-diating both fast neural processing and long-term plas-
macologically with inhibitors of calcineurin and proteinticity in neurons (Ghosh and Greenberg, 1995; Schul-
phosphatase 1 (PP-1)/PP-2A. We found that the degreeman, 1995). A primary candidate for mediating the
of convergent activation of CREB by D1/D5 dopamineintegration of Ca21 and dopamine-activated cAMP sig-
receptors and L-type channels is not a fixed propertynals is the cAMP response element–binding protein
of striatal neurons, but rather is dynamically regulated(CREB), a transcription factor. Both cAMP- and Ca21-
both spatially and temporally by striatal phosphatases,stimulated cascades can phosphorylate CREB on Ser-
including calcineurin.133, activating it to regulate genes containing CRE ele-
ments (Comb et al., 1987; Montminy et al., 1990; Sheng
et al., 1991; Dash et al., 1991). This potential cAMP and Results
Ca21 signal convergence at CREB is of interest, because
all three molecules have been critically implicated in Activation of D1-Class Dopamine Receptors
Induces Sustained Phosphorylation of CREBmemory mechanisms both in vertebrates and in inverte-
brates (Kaang et al., 1993; Bourtchuladze et al., 1994; in DARPP-32-Positive Neurons of Striosomes
CREB, detected with antiserum recognizing nonphos-Yin et al., 1994, 1995; Bartsch et al., 1995; Kandel and
Abel, 1995; Impey et al., 1996). In the experiments re- phorylated as well as phosphorylated forms of CREB,
was expressed in nuclei throughout the striatum andported here, we tested for convergent activation of
CREB by dopamine-activated cAMP and Ca21 dur- was apparently uninfluenced by any treatment (Figure
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Figure 1. Spatiotemporal Dynamics of CREB Phosphorylation Activated by D1-Class Dopamine Receptors in the Cultured Striatum
Control experiments showed that numerous CREB-positive cells (A) but few PCREB-positive cells (B) were present in striatal cultures treated
for 30 min with vehicle. Very weak PCREB induction occurred with vehicle treatment at 7 min (C). The dopamine D1-class receptor agonist
SKF-81297 (100 nM) induced widespread PCREB expression at 7 min (D), but at 30 min induced sustained CREB phosphorylation primarily
in cell clusters (example shown at asterisk in [E]) corresponding to striosomes (see Figure 4A). The D1-class dopamine antagonist SCH-23390
(1 mM) blocked CREB phosphorylation by SKF-81297 (F). Okadaic acid (1.5 mM), an inhibitor of PP-1 and PP-2A, by itself (G) or in the presence
of SKF-81297 (H) induced sustained (30 min) PCREB expression throughout the cultured striatum. All sections are 20 mm thick. (D) and (E),
Kodalith-generated prints. CP, caudoputamen; AC, anterior commissure; fb, fiber bundle.
Scale bars: for (A)–(C) and (F)–(H), 100 mm; for (D) and (E), 500 mm.
1A). Vehicle treatments and movement of the culture notypic marker for developing striosomes (Foster et al.,
1987), showed that the clusters and rim of PCREB-posi-inserts induced weak, transient PCREB immunoreactiv-
ity (Figure 1C), which declined sharply by 15–30 min to tive nuclei were coincident with DARPP-32-positive
patches and the lateral streak, together comprising thea low basal level (Figure 1B) and was not associated
with later expression of Fos protein. striosomal system. At the single-cell level, the CREB
phosphorylation was strongly selective for DARPP-32-Dopamine D1/D5 receptor activation with SKF-81297
(100 nM) rapidly induced intense nuclear PCREB stain- positive neurons. Approximately 80% of the DARPP-32-
expressing neurons of striosomes coexpressed PCREBing in the neurons of the striatum. The initial induction
pattern, monitored at 7 min after drug treatment, was (see Figures 4 and 6), whereas relatively few PCREB-
positive nuclei lacking DARPP-32 coexpression werein dispersed PCREB-positive nuclei throughout the stri-
atum, among which there were some clusters of more found in striosomes (roughly 10%–20%; see Figure 4A).
This is important, because although DARPP-32 is theintensely stained nuclei (Figure 1D). Remarkably, by 30
min, the number of PCREB-positive nuclei outside the phenotypic marker for striosomal patches, the strio-
somes are still developing and may include some inter-PCREB-rich clusters was sharply reduced, so that most
PCREB-positive nuclei were in clusters and in a rim mixed future matrix cells or immature future striosomal
cells that have not yet expressed DARPP-32 (see Kru-along the lateral margin of the striatum (Figure 1E). Dou-
ble immunostaining for PCREB and DARPP-32, the phe- shel et al., 1995; Liu and Graybiel, 1992, and references
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many slices, appreciable numbers of PCREB-positive
neurons appeared within the boundaries of DARPP-32-
positive striosomes (Figure 4B).
Quantitative analysis of cellular double labeling for
DARPP-32 and PCREB showed that, at most, z20%
of neurons expressing DARPP-32 (and thus definitively
striosomal cells) expressed sustained PCREB (see Fig-
ure 6). Most PCREB-positive nuclei were in DARPP-
32-negative neurons spread through the matrix and in
scattered DARPP-32-negative cells in and at the edges
of striosomes (Figure 4B). Thus, the pattern of sustained
PCREB induction afterBAY K 8644 treatment was nearly
opposite to that induced by SKF-81297. The only excep-
tion to this pattern was a medial group of DARPP-32-Figure 2. Western Blot Analysis of Sustained CREB Phosphoryla-
positive striosomes that represent the least mature parttion in the Cultured Striatum
of the striosomal system (Graybiel, 1984). The sustainedInduction of bands at the apparent molecular weight of PCREB, 43
CREB phosphorylation had weakened by 2 hr. InductionkDa (arrowhead), in striatal cultures treated for 30 min with SKF-
81297 (SKF, 100 nM) or forskolin (Forsk, 10 mM), compared with of PCREB immunoreactivity by BAY K 8644 was blocked
vehicle treatment (Veh). Blot in (A) prepared with affinity-purified by the Ca21 chelator EGTA (10 mM) and also by the
PCREB antiserum; blot in (B) prepared with non-affinity-purified specific L-type Ca21 channel antagonists nifedipine (10
PCREB antiserum. Note that although several bands are apparent
mM) and nitrendipine (10 mM) (see Figure 3D), demon-in the blots, only the 43 kDa bands are inducible by SKF-81297 and
strating that the BAY K 8644 effects did require Ca21forskolin.
and were selective for L-type Ca21 channels.
therein). PCREB expression was low in the matrix neu-
rons, most of which lack DARPP-32 expression at this Sustained PCREB Induced via D1-Class Dopamine
Receptors and L-Type Ca21 Channels Can Bedevelopmental stage. Thus, the effects of D1/D5 recep-
tor stimulation were highly selective for striosomes and, Independently Targeted to Striosome
and Matrix Neuronswithin them, for the predominant DARPP-32 cellular
phenotype. The levels of sustained PCREB expression To obtain a further estimate of the compartmental selec-
tivity of sustained CREB phosphorylation induced byhad decreased substantially by 2 hr.
The specificity of PCREB induction by SKF-81297 via the D1/D5 receptor and L-type channel agonists, we
charted the locations of PCREB-positive nuclei and, forD1-class receptors was shown by the blockade of induc-
tion with pretreatment with the D1 antagonist SCH- samples of striosome and adjoining matrix regions, cal-
culated the observed numbers of PCREB-positive nuclei23390 (1 mM) (Figure 1F) and by the failure of induction
by the D2 agonist quinpirole (10 mM). Western blotting per unit area and the numbers that would be expected
if there were no regional specialization in the induction.of parallel cultures treated with SKF-81297 for 30 min
showed an z30% increase over control levels in a band The results confirmed the impression gained from the
DARPP-32 coexpression patterns. SKF-81297 inducedat 43 kDa, the molecular mass of PCREB (Ginty et al.,
1993) (Figure 2). Several other bands were present but sustained phosphorylation of CREB principally in neu-
rons in striosomal patches (observed/expected ratiowere not inducible. The small size of the increase in
the 43 kDa band might reflect the fact that striosomal [O/E], 2.7) rather than in the surrounding matrix (O/E,
0.3). By contrast, BAY K 8644 induced sustained PCREBneurons only comprise 15%–20% of striatal neurons. A
much larger increase in the 43 kDa band was seen after expression widely in the matrix (O/E, 1.1). It also induced
sustained PCREB expression in striosomes (O/E, 0.7),stimulation with forskolin (Figure 2; see below).
but almost exclusively (95%) in non-DARPP-32-
expressing cells (see Figures 4B and 6). Thus, the D1/Stimulation of L-Type Voltage-Sensitive Ca21
Channels Induces Sustained Phosphorylation D5 agonist mainly targeted sustained CREB phosphory-
lation to the phenotypically defined striosomal cellsof CREB in the Matrix Compartment
and Scattered DARPP-32-Negative clustered in striosomes and avoided the matrix, whereas
the L-type channel agonist induction mainly avoided theNeurons of Striosomes
As we found for D1/D5 receptor activation, treatment of phenotypically identified striosomal cells of the patches
but occurred robustly in the matrix and in scattered non-striatal cultures for 7 min with BAY K 8644 to prolong
the channel open time of L-type voltage-sensitive Ca21 DARPP-32-positive neurons of the patches.
To test for interactive effects of D1/D5 receptor andchannels induced widespread PCREB immunoreactivity
in the striatal slices (Figure 3A). However, in sharp con- L-type Ca21 channel cascades, we concurrently applied
SKF-81297 and BAY K 8644 to cultured slices for 30trast with the results for D1/D5 stimulation, the pattern
of PCREB inductiondid not become striosome-predom- min. We found an additive pattern of sustained CREB
phosphorylation with intense induction in striosomesinant with increasing time. Instead, there was general-
ized induction in the striatum (Figures 3B and 3C). In and matrix (data not shown). Because dopamine recep-
tor agonists can increase L-type channel open times insome slices, a striosome-sparing pattern was evidenced
by pockets of low PCREB induction embedded in a more a small population of striatal neurons (Surmeier et al.,
1995), we pretreated other striatal cultures with theheavily PCREB-labeled surround (Figure 3B). But in
Neuron
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Figure 3. CREB Phosphorylation Induced via
L-Type Calcium Channels and Blockade by
L-Type Ca21 Channel Antagonist and NMDA
Glutamate Receptor Antagonist
The L-type Ca21 channel agonist BAY K 8644
(1 mM) induced widespread CREB phosphor-
ylation in the cultured striatum both at 7 min
(A) and at 30 min (B and C), but at 30 min,
some slices showed pockets in which little
PCREB appeared (example at arrow in [B]),
and overall induction was weaker.
(C) Drawing shows PCREB-positive nuclei
(black dots) induced by BAY K 8644 in striatal
cultures at 30 min posttreatment in a plot
charted at 403. Compare with Figure 1E.
(D) Induction of PCREB expression by BAY
K 8644 was completely blocked by the L-type
Ca21 channel antagonist nifedipine (10 mM).
(E) The NMDA glutamate receptor antagonist
D-AP5 (100 mM) blocks PCREB induction by
BAY K 8644.
LV, lateral ventricle; CP, caudoputamen; AC,
anterior commissure; fb, fiber bundle.
Scale bars: for (A), (B), (D), and (E), 100 mm;
for (C), 500 mm.
L-type Ca21 channel blocker nifedipine (10 mM) before Thus, the neurons we identified phenotypically as strio-
somal cells do have high levels of calcineurin expressionSKF-81297 stimulation. The SKF-81297 still induced a
strongly striosome-predominant pattern of sustained in contrast with matrix cells. We tested for the role of
calcineurin in these cells by pretreating striatal culturesPCREB expression. If anything, striosome selectivity
was enhanced. Together, these results support con- with the potent calcineurin inhibitor FK506 (10 mM, 50
mM) before application of the L-type Ca21 channel ago-trasting selectivity of D1/D5 and L-type Ca21 channel
induction of sustained CREB phosphorylation in the de- nist BAY K 8644.
Inhibition of calcineurin by FK506 resulted in a dra-veloping striatum.
matic, z3-fold increase in sustained PCREB expression
in striosomes after BAY K 8644 treatment (Figures 5A,Inhibition of Calcineurin Switches the Pattern
of Sustained CREB Phosphorylation Induced 6). The O/E ratio for PCREB expression was 2.8 for
striosomes and 0.3 for matrix. Cellular double immuno-by L-Type Ca21 Channels
The fact that calcineurin is differentially concentrated in staining of the 1-day cultures (Figure 5A) showed that
most of the induced PCREB (80%) was in DARPP-32-developing striosomes (Goto and Hirano, 1989) sug-
gested that differential activity of this Ca21-sensitive positive striosomal neurons. This increase completely
abolished the DARPP-32 neuron sparing pattern in-phosphatase in striosomal regions might lead to rapid
dephosphorylation of PCREB in striosomal neurons after duced by BAY K 8644 alone (Figure 4B). No change was
seen with the control for FK506, rapamycin (10 mM),stimulation of L-type Ca21 channels. This could account
for the strikingly low levels of sustained PCREB expres- which does not inhibit calcineurin (Figures 5B and 6).
Neither FK506 (10 mM) nor rapamycin (10 mM) alonesion we found in phenotypically identified (DARPP-32-
expressing) striosomal cells. We tested for, and found, induced PCREB expression. Nor did FK506 after vehicle
treatment (Figure 5E). In 3-day cultures, the effects ofcellular colocalization of calcineurin and DARPP-32 in
large numbers of neurons in striosomes (Figures 4C–4E). FK506 were only clear laterally. This result may have
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been due to down-regulation of calcineurin in the 3-day receptors is sufficient to produce sustained phosphory-
lation of CREB in striosomes. By contrast, TTX pretreat-cultures (data not shown).
These findings suggest that calcineurin-mediated reg- ment produced a detectable decrease in PCREB induc-
tion by BAY K 8644. This result suggests that the effectsulation of the kinetics of CREB dephosphorylation can
account for the matrix (DARPP-32 neuron sparing) se- of BAY K 8644 are activity dependent, and that sodium
spike activity is required for its full effect on CREB phos-lectivity in sustained CREB phosphorylation induced by
L-type Ca21 channel stimulation. phorylation. These findings are in accord with the ac-
tions of BAY K 8644, which prolongs the open times of
L-type Ca21 channels but does not open them (Nowycky
et al., 1985).
Protein Phosphatases Regulate Compartmental Third, we tested the effects of pretreatment with gluta-
Selectivity of Sustained CREB mate receptor blockers. Near total blockade of PCREB
Phosphorylation in Striosomes induction occurred except in the most medial part of
We next asked whether the equallystriking spatial selec- the striatum when slices were pretreated with the com-
tivity of sustained CREB phosphorylation induced by petitive N-methyl-D-aspartic acid (NMDA) receptor an-
dopamine D1/D5 receptor stimulation might also be tagonist D-AP5 (100 mM) 30 min before the addition of
controlled by phosphatase activity. Favoring this possi- BAY K 8644 (1 mM) (see Figure 3E). Only partial blockade
bility is the fact that DARPP-32, when phosphorylated was obtained by pretreatment with MK801 (10 mM), a
by the dopamine D1/D5–cAMP cascade, is a potent noncompetitive NMDA antagonist, or with 6-cyano-7-
inhibitor of PP-1 (Hemmings et al., 1984, 1987). PP-1 is dinitroquinoxaline-2,3-dione (CNQX) (10 mM, 40 mM), an
present in thestriatum and can dephosphorylate PCREB antagonist at AMPA/kainate receptors. These glutamate
in cell lines (Hagiwara et al., 1992; da Cruz e Silva et al., receptor blocker treatments had at most a slight effect
1995). We reasoned that, if PP-1 were constitutively (D-AP5, 100 mM and MK801, 10 mM), or no effect (CNQX,
active, then inhibition of this phosphatase would be nec- 40 mM) on PCREB induction by SKF-81297 (100 nM, 30
essary for sustained phosphorylation of CREB. This inhi- min). These results indicate a significant role for NMDA
bition could be striosome-selective because of the strio- glutamate receptors in sustained PCREB induction via
some-selective location of DARPP-32. L-type channels but not D1/D5 receptors.
We treated striatal cultures with okadaic acid (1.5 mM) To test for the specificity of the differential compart-
and with calyculin A (1 mM), which inhibit PP-1 and PP- mental control on CREB phosphorylation by cAMP and
2A. Each phosphatase inhibitor, given alone, induced Ca21, we treated slice cultures with forskolin (10 mM),
strong PCREB immunoreactivity throughout the stria- to activate adenylate cyclase, or with each of two cAMP
tum (see Figure 1G) and also did so in the presence analogs, dibutyryl-cAMP (1 mM, 3 mM, 6 mM) and Sp-
of 100 nM SKF-81297 (see Figure 1H). The control for cAMPS (100 mM, 1 mM). We treated other cultures with
okadaic acid, 1-nor-okadaone (1.5 mM), did not induce NMDA (100 mM), which activates Ca21 flux through gluta-
PCREB expression. No detectable change in CREB ex- mate NMDA receptors. All of these treatments induced
pression was induced by okadaic acid and calyculin A sustained CREB phosphorylation throughout both com-
(data not shown). For technical reasons, we were not partments (data not shown). Thus, our findings with D1/
able to distinguish between PP-1 and PP-2A. However, D5 receptor and L-type Ca21 channel agonists are spe-
our results strongly suggest that constitutively active cific for a restricted set of cAMP-coupled and Ca21-
PP-1, PP-2A, or both exist in neurons of both striatal coupled cascades.
compartments and are powerful regulators of sustained
CREB phosphorylation in the developing striatum, in-
cluding that induced in the presence of D1/D5 receptors.
Sustained, but Not Transient, PCREB Expression
Is Correlated with Subsequent Expression
of Fos-like Protein
As an initial test of whether the differential regulation ofActivity-Dependent Regulation of Sustained CREB
Phosphorylation in Striatal Compartments sustained CREB phosphorylation can lead to differential
activation of downstream genes containing CRE ele-One implication of our findings is that neuronal activity
mediated by D1/D5 receptors and L-type Ca21 channels ments, we tested for the ability of BAY K 8644 and of
SKF-81297 to induce the expression of Fos, the proteincould have a major impact on compartment-selective
regulation of CREB in the striatum during the critical product of the CRE-containing gene c-fos, in the slices.
Without exception, the results for Fos expression as-postnatal period. To address this issue, we first em-
ployed bulk depolarization of slices with KCl (50 mM). sayed at 2.5–3.0 hr paralleled those for sustained phos-
phorylation of CREB assayed at 30 min (Figure 6), butThis produced massive induction of PCREB throughout
the slices. Thus, depolarization-induced activity by itself not those for transient CREB phosphorylation assayed
at 7 min. First, BAY K 8644 (1 mM) induced Fos-likeis not sufficient for the compartmental effects.
Second, we pretreated slices with tetrodotoxin (TTX, immunoreactivity mainly in the matrix and in scattered
DARPP-32-negative neurons of striosomes (see Figure1 mM), a sodium channel blocker, 30 min before applica-
tion of SKF-81297 (100 nM) or BAY K 8644 (1 mM). The 5C), whereas SKF-81297 (100 nM) induced Fos-like im-
munoreactivity mainly in DARPP-32-positive neurons ofTTX pretreatment had little if any discernible effect on
the striosome-predominant inductionof PCREBby SKF- striosomes, as previously reported (Liu et al., 1995). Sec-
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noncompartmental patterns of Fos expression (data not
shown).
Discussion
Our findings suggest that the phosphorylation of CREB
by cAMP and Ca21 signals and the subsequent expres-
sion of Fos are subject to two types of control in the
developing striatum: temporal control over the duration
of CREB phosphorylation, and spatial control over
where sustained phosphorylation and subsequent gene
expression occur. Our results point to the regulation of
protein phosphatase activity as a powerful mechanism
Figure 6. Contrasting Patterns of Sustained CREB Phosphorylation
by which these spatiotemporal patterns of transcriptionand Subsequent Expression of Fos Induced by D1/D5 and L-Type
factor activity can be controlled. We suggest thatCa21 Channel Agonists
the differential expression of such phosphorylation/de-PCREB (30 min) and Fos (2.5–3.0 hr) were induced in DARPP-32-
phosphorylation gates may allow the striatum to pro-positive neurons of striosomes by dopamine D1/D5 receptor activa-
tion (SKF-81297) but not by L-type Ca21 channel activation (BAY cess activity-dependent cAMP and Ca21 signals coordi-
K 8644). Coexpression ratio indicates the number of DARPP-32- nately or disjunctively in order to meet the demands of
positive neurons doubly labeled for PCREB (closed bars) or for fast signalingand of phenotypic differentiation and long-
Fos (open bars) divided by the total number of DARPP-32-positive
term neuroplasticity.neurons in a given striosome. Note that the calcineurin inhibitor,
FK506, switched the L-type Ca21 channel activation patterns to
one including striosomes. Data represent means 6 SEM from eight Time-Varying Control of CREB Phosphorylation
DARPP-32-positive striosomes chosen randomly from the lateral by Dopamine and L-Type Ca21 Channels:striatum (n = 2 for each group).
Transient–Convergent Pattern versus
Sustained–Divergent Pattern
Our results demonstrate that dopamine D1/D5 receptors
and L-type Ca21 channels are both capable of initiating(but not rapamycin [10 mM]), there was a sharp increase
in Fos expression in DARPP-32-positive neurons, espe- intracellular cascades leading to CREB phosphorylation
throughout the developing striatum. However, this over-cially laterally (Figure 5D). With SKF-81297 in the pres-
ence of okadaic acid (1.5 mm), compartmental selectivity lapping action is transient. With increasing time, CREB
phosphorylation induced via D1/D5 receptors andof Fos expression in striosomes was also lost (data not
shown). Together, these data demonstrate that Fos in- L-type Ca21 channels becamedivergent. D1/D5 receptor
activation induced sustained CREB phosphorylationduction in striatal slices, activated either by D1/D5 re-
ceptors or via L-type Ca21 channels, was correlated with mainly in DARPP-32-positive cells of striosomes, whereas
activation of L-type Ca21 channels led to sustainedsustained CREB phosphorylation, but not with transient
CREB phosphorylation. Finally, also in parallel with our CREB phosphorylation mainly in the DARPP-32-poor
matrix and scattered DARPP-32-negative cells of strio-findings for CREB phosphorylation, NMDA, forskolin,
and cAMP analogs induced apparently homogeneous, somes. Therefore, although CREB has been proposed
Figure 4. Sustained PCREB Induction in DARPP-32-Immunoreactive Neurons of Striosomes by SKF-81297 but Not by BAY K 8644, and
Colocalization of DARPP-32 and Calcineurin in Striosomal Neurons
(A and B) slices were stained for PCREB (black) and DARPP-32 (brown) following 30 min treatments with SKF-81297 (100 nM) (A) or BAY K
8644 (1 mM) (B). Arrows point to examples of neurons stained for DARPP-32 (brown) with (A) or without (B) colocalized PCREB (black).
(C, D, and E) Confocal images showing that calcineurin is coexpressed with DARPP-32 in neurons of striosomes in striatal cultures at 1 day
in vitro. Confocal images in (C) and (D) are from the same field, showing calcineurin (red) (C) and DARPP-32 (green) (D). Asterisks in (C) and
(D) indicate a striosome. Image in (E) demonstrates cellular colocalization (yellow) of calcineurin (red) and DARPP-32 (green) in the cytoplasm
of neurons in a striosome.
Scale bars: for (A) and (B), 10 mm; for (C) and (D), 50 mm; for (E), 50 mm.
Figure 5. Calcineurin Controls the Compartmental Selectivity of Sustained PCREB Induction and Subsequent Fos Expression Activated by
L-Type Ca21 Channel Stimulation in the Developing Striatum
Slices were treated after 1 day in vitro and then were immunostained for PCREB (A, B) or for Fos (C, D), both black, and for DARPP-32 (brown).
(A) and (B) show brown DARPP-32-immunoreactive neurons in slices treated with BAY K 8644 in the presence of the calcineurin inhibitor,
FK506 (10 mM) (A), or with BAY K 8644 in the presence of the control for FK506, rapamycin (10 mM), which does not inhibit calcineurin (B).
(A) Pretreatment with FK506 (10 mM) 30 min before BAY K 8644 treatment changed the dissociative pattern of PCREB and DARPP-32 expression
seen with BAY K 8644 only (Figure 4B) into a coexpression pattern (examples of cellular coexpression of PCREB and DARPP-32 shown at
arrows).
(B) The control for FK506, rapamycin, did not change the dissociative pattern of PCREB and DARPP-32 (example of DARPP-32 neuron lacking
PCREB shown at arrow).
In parallel with the results for PCREB expression, BAY K 8644 (1 mM) induced very little Fos-like protein in DARPP-32-positive striosomal
neurons (C), but inhibition of calcineurin with FK506 pretreatment switched on the coexpression of Fos in DARPP-32-positive striosomal
neurons (D). Arrows in (C) and (D) point to DARPP-32-positive neurons.
(E) shows that FK506 (10 mM) treatment by itself did not induce PCREB.
Scale bar for all panels, 10 mm.
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as a convergence molecule for integration of cAMP and
Ca21 signals, the integration is not obligatory and is
under temporal control in developing striatal neurons.
We further found striking parallels between the induc-
tion of sustained CREB phosphorylation and the occur-
rence of later Fos expression. By contrast, transient
CREB phosphorylation was not followed by detectable
induction of Fos. Our findings, with Fos induction as an
example, thus suggest the hypothesis that the recurring
phosphorylation of CREB, sustained over time, may be
critical in regulating downstream gene activation. A simi-
lar correlation has been observed in dissociated hippo-
campal cells in culture (Bit et al., 1996).
Figure 7. A Kinetic Model of Some of the Dopamine- and Ca21-Temporal Gate-Control Mechanism for Signaling Mediated Signaling Mechanisms Underlying Compartment-Specific
by Dopamine and L-Type Ca21 Channels Regulation of CREB Phosphorylation and Potential CRE-Containing
The transient overlap of dopamine D1/D5 receptor and Genes during Pattern Formation in the Developing Striatum
L-type Ca21 channel signalling that we found suggests The model suggests that the key to this differential regulation is the
presence in the striosome compartment (S, right) but not in thethat these signals may be integrated in striatal neurons
matrix compartment (M, left) of phosphatase control mechanismsat the level of synaptic transmission and short-term
that limit the duration of CREB phosphorylation induced by D1-event storage, which can occur on the time scale of
class dopamine receptors (D1-R) and by L-type voltage-sensitiveseconds or minutes. However, our results suggest that
Ca21 channels (LVSCC). L-type Ca21 channel activation by BAY K
in the context of gene activation, which requires a longer 8644 can induce sustained CREB phosphorylation in the matrix
time frame, dopamine and Ca21 signals can be preferen- (boldface arrows). This does not occur in most neurons of strio-
somes, because most striosomal neurons express calcineurin (PP-tially targeted to striosomal or to matrix neurons through
2B). Calcineurin activated by L-type Ca21 channel stimulation coulddivergent patterns of sustained CREB phosphorylation.
depress CREB phosphorylation by one or more potential pathways:Our findings suggest a temporal gate-control mecha-
first, successful competition with CaM kinases for calmodulin bind-nism by which different signal transduction pathways
ing due to its higher affinity for calmodulin (Klee et al., 1987); second,
can converge at the synaptic level and yet diverge at dephosphorylation of L-type Ca21 channels and NMDA receptors
the transcriptional level. Such a mechanism could en- (Armstrong, 1989; Tong et al., 1995); third, direct dephosphorylation
of PCREB (Enslen et al., 1994); fourth, increase of PP-1 activitysure that signals are appropriately processed to meet
through dephosphorylation of DARPP-32, a substrate of calcineurinthe different demands of short-term synaptic transmis-
(Hemmings et al., 1984, 1987; King et al., 1984; Halpain et al., 1990).sion and plasticity on the one hand, and long-term gene
The last two possibilities seem less likely than the first two, as theyactivation and information storage on the other.
would require nuclear localization of calcineurin, which appears to
The slicepreparation that we used allowed us to study be distributed almost exclusively in the cytoplasm of striatal neurons
the spatial patterns of CREB phosphorylation and later (Goto et al., 1987; present data). By contrast, D1-class dopamine
receptor stimulation by SKF-81297 can lead to sustained CREBFos expression coordinately with the kinetics of CREB
phosphorylation in striosomes (boldfacearrows), because most stri-phosphorylation. However, the temporal resolution of
osomal neurons express DARPP-32, which is activated by D1-classthe preparation was limited, and we can only tentatively
receptors and acts as a brake on dephosphorylation of PCREB byassign phosphorylation at #7 min to the transient cate-
inhibiting the phosphatase PP-1. In the matrix, endogenous phos-
gory, and phosphorylation at z30 min to 2 hr to the phatases are not inhibited by DARPP-32 coactivation, so that CREB
sustained category (present data; F.-C. L. and A. M. G., phosphorylation is transient. In both compartments, downstream
effects on CRE-containing genes (boldface arrows) follow the sus-unpublished data). These estimates of the kinetics are
tained, not transient, activation of CREB.further limited by the fact that we sampled only one
CRE-containing gene to monitor potential downstream
effects. Even with these qualifications, the range of
According to the kinetic model shown in Figure 7, cal-times we sampled for transient and sustained CREB
cineurin in neurons of striosomes can act as a Ca21phosphorylation suggest that they could be sufficient
signal filter to inactivate sustained CREB phosphoryla-to set up temporal ordering constraints in the system
tion mediated by L-type Ca21 channels selectively induring activity-dependent learning and memory (see be-
developing striosomes. Data from other in vitro systemslow). Interestingly, transient and sustained protein phos-
suggest that following activation of L-type Ca21 chan-phorylation have also recently been documented in
nels, CREB phosphorylation may be mediated by Ca21/studies of MAP kinase signaling, where transient activa-
calmodulin-dependent protein kinases (CaM kinases),tion leads to cellular proliferation and sustained activa-
particularly the slowly autophosphorylating CaM kinasetion leads to differentiation (Marshall, 1995).
IV (Sheng et al., 1991; Dash et al., 1991; Enslen et al.,
1994; Matthews et al., 1994). There are several mecha-Control of the Kinetics and Pattern of CREB
nisms by which calcineurin could reduce CREB phos-Phosphorylation by Protein Phosphatases
phorylation, some of which are indicated in Figure 7.Our findings suggest that there are cell type–specific
For dopamine, this kinetic model suggests that D1/D5phosphatase gates in the developing striatum control-
dopamine receptoractivation also initially induces phos-ling the kinetics of CREB phosphorylation and subse-
phorylation of CREB in both compartments, but that thequent downstream gene expression activated by dopa-
mine D1/D5 receptors and by L-type Ca21 channels. phosphorylation is rigidly controlled by endogenously
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active phosphatases that are themselves widespread preliminary experiments on dynorphin expression in stri-
atal slices support this hypothesis (Liu and Graybiel,in the developing striatum but are controlled by the
striosome-enriched phosphatase inhibitor DARPP-32. 1996, Soc. Neurosci., abstract).
In the newborn, the phenotypes of striosome and ma-The simultaneous activation of DARPP-32 by D1/D5 re-
ceptors would inhibit PP-1 and thereby could allow a trix cells are still undergoing dynamic changes. With
time, as compartmental phenotypes mature and be-higher level of sustained CREB phosphorylation in strio-
somes relative to matrix. Hence, our results suggest that come established, phosphatase, calcineurin, and the
phosphatase inhibitor DARPP-32 become widely ex-the effects of kinase activity leading to prolonged CREB
phosphorylation can be selectively controlled in the de- pressed (Ouimet et al., 1984; Goto et al., 1987). This
suggests that the phosphatase gate-control mechanismveloping striatum in at least two ways: by sequestration
of the phosphatase calcineurin in striosomes, and by a we propose for compartment-selective regulation is se-
lectively active during a critical perinatal period. Thecomparably selective striosomal expression of the
phosphatase inhibitor DARPP-32. early compartmental expression of molecules control-
ling phosphorylation may actually define the critical pe-For signaling through both L-type channels and D1/
D5 dopamine receptors, a crucial distinction between riod for the development of compartmental phenotypes.
Such spatially selective molecular controls of transcrip-transient and sustained phosphorylation of CREB
suggested by our results is that the sustained mode tion factor activity could represent one of the fundamen-
tal mechanisms used by the nervous system to createfavors regulation of downstream CRE-containing genes,
whereas the transient mode does not. The kinase– tissue-specific patterns of gene expression from broadly
represented signaling cascades.phosphatase cascades regulating CREB phosphoryla-
tion in the developing striatum are undoubtedly more
complex than those illustrated in Figure 7. Indeed, our
Phosphatase Gates, Sustained CREBresults indicate that the L-type channel effects depend
Phosphorylation, and Neuroplasticityon other channels, including NMDA glutamate recep-
Our results, although directly related to plasticity duringtors. The signaling cascades also must involve many
development, may also bear on the more general issuetranscription factors other than CREB. Even so, our re-
of the mechanisms underlying CREB-mediated neu-sults suggest that phosphatase switches could put gen-
roplasticity and memory formation. Evidence across aeral boundaries on the kinetics of these cascades and
range of species suggests that activator forms of CREBcould do so in spatially selective ways.
are essential for the establishment of long-term memory
(LTM) and long-term facilitationand that repressor forms
of CREB can block these (Bourtchuladze et al., 1994;Activity-Dependent Regulation of Striatal
Compartment Formation Yin et al., 1994, 1995; Bartsch et al., 1995). Tully and
colleagues have suggested that changes in the ratiosOur results raise the possibility that the regulation of
phosphatase activity in the striatum, by determining the of activator to inhibitor isoforms of CREB may act as
a molecular switch between short-term and long-termkinetics and pattern of phosphorylation of CREB, may
critically influence pattern formation in the striatum as storage (Yin et al., 1995).
Our findings raise the possibility that control of theexemplified by the differentiation of striosome-matrix
phenotypes. Accordingly, many of the well-known duration of CREB phosphorylation could serve as an-
other molecular switch mechanism to control LTM. Ourchemical markers for developing striosomes and matrix
may actually represent part of an activity-dependent data for transient CREB phosphorylation with no subse-
quent Fos expression and sustained CREB phosphory-control mechanism by which striatal compartments gain
and maintain normal phenotypic identity during devel- lation with subsequent Fos expression show patterns
parallel to those of, respectively, short-term memory/opment.
The one downstream CRE-containing gene we stud- facilitation with no protein synthesis required and long-
term memory/facilitation with protein synthesis re-ied, c-fos, encodes a transcription factor known to be
highly responsive to dopamine and Ca21 signaling in the quired. This parallel suggests the hypothesis that a
switch from rapidly decaying to persistent cellularstriatum (Hughes and Dragunow, 1995). The regulation
of c-fos expression is complex and depends on cis- changes could be brought about by a switch from tran-
sient to sustained phosphorylation of activator forms ofregulatory elements other than the CRE (Sheng and
Greenberg, 1990; Robertson et al., 1995), but our results CREB. We have only analyzed Ser-133 phosphorylation
of CREB and have no information in our system aboutfor Fos are consistent with evidence that D1/D5 dopa-
mine receptors and L-type Ca21 channels are capable other members of the CREB/CREM family, including
repressor forms (Brindle and Montminy, 1992). Never-of activating CRE-mediated gene expression (Impey et
al., 1996). Several other genes strongly expressed in the theless, our results suggest that phosphatase gates may
critically control the activity of activator CREB isoforms.striatum contain CRE elements and code for transcripts
that become differentially expressed in striatal compart- Comparable regulation would seem a likely possibility
for inhibitor forms as well.ments as development proceeds, including dynorphin,
m opioid receptors, enkephalin, and somatostatin (Comb A role for phosphatases in controlling neuronal plas-
ticity, explicitly including calcineurin, has been empha-et al., 1987; Montminy et al., 1990; Min et al., 1994;
Cole et al., 1995). CREB may be one of the transcription sized in much recent work on long-term depression and
long-term potentiation (Mulkey et al., 1994; Schulman,factors involved in regulating the compartmental ex-
pression patterns of these genes as well. Findings in 1995). Moreover, L-type channel–regulated plasticity,
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anti-calcineurinantibody (SWant, Bellinzona, Switzerland). Immuno-which we suggest here to be under the control of cal-
staining controls were carried out by incubation of slices with thecineurin, has been demonstrated in a variety of prepara-
preimmune serum of anti-PCREB antiserum or with anti-Fos anti-tions (see, e.g., Bear and Malenka, 1994; Bolshakov and
serum preabsorbed with the immunizing peptides (Oncogene Sci-
Siegelbaum, 1994; Kurotani et al., 1995, IBRO, abstract; ence, Incorporated, S-14-C, lot number 923802). Both controls and
Schulman, 1995). What our experimental results add to the omission of the primary antibody/serum resulted in elimination
of staining (preabsorption and omission of primary antibody/serum)this mounting evidence implicating CREB and phos-
or in nonspecific staining (preimmune serum). Double immuno-phorylation–dephosphorylation cycles in neuronal plas-
cytochemistry for PCREB or Fos and DARPP-32 was carried outticity is the suggestion that control of the duration of
as previously described (Liu et al., 1995) on 20 mm sections cutCREB phosphorylation could determine whether the
from cryoprotected slices. For immunofluorescence, sections were
phosphorylation leads toshort-term or to long-term neu- studied with a laser confocal microscope (MRC-600, Bio-Rad, Her-
ral changes. cules, CA).
Experimental Procedures Western Blotting
Immunoblotting was carried out according to the protocols of Ginty
Organotypic Culture of Neonatal Striatum et al. (1993) on striatal tissues dissected from 3-day slice cultures
Striatal slice cultures were prepared by a procedure slightly modified and treated for 30 min with SKF-81297 (100 nM), the vehicle for
from the method of Stoppini et al. (1991) as previously described SKF-81297, or forskolin (10 mm) (n = 3 for each drug treatment).
(Liu et al., 1995). Forebrains of newborn Sprague–Dawley rat pups Striatal tissue was dissected from slices and was immediately incu-
(Taconic Farms, Germantown, NY) were cut on a vibratome into bated in 300 ml of a boiling lysis buffer containing 0.5% SDS, 2%
300-mm-thick coronal slices. The slices were cultivated on top of beta-mercaptoethanol, and50 mM Tris (pH 8.0). Tissues were further
0.4 mm membranes in culture plate inserts (Millicell-CM, Millipore, sonicated briefly to obtain homogenates. SDS-polyacrylamide gels
Bedford, MA) with SF21 serum-free medium (Segal et al., 1992) in (10%) were used for electrophoresis, and blots were processed with
6-well dishes in a humidified incubator at 338C with 5% CO2/95% 1:5000 affinity-purified or non-affinity-purified polyclonal rabbit anti-
air before starting experiments. For each culture plate insert, four PCREB antisera and goat anti-rabbit immunoglobulin G conjugated
to six slices from the same hemisphere of the forebrain were placed with horseradish peroxidase (Promega, Madison, WI) with chemilu-
together. minescence detection (ECL, Amersham, Arlington Heights, IL). Films
were analyzed by densitometry (Biocom, Les Ulis, France).
Drug Application
Striatal slice cultures were cultured for 1–3 days before drug treat- Image Analysis
ments. For drug application, striatal slices were incubated for 7 min, Quantitative analyses were carried out on selected samples of strio-
15 min, 30 min, or 2 hr (for PCREB induction) or 2.5–3.0 hr (for Fos some and matrix regions with the aid of a Biocom image analyzer.
induction) with the full D1-class agonist SKF-81297 HCl (100 nM, PCREB-positive or Fos-positive nuclei and DARPP-32-positive peri-
provided by Dr. J. Weinstock of SmithKline Beecham Pharmaceuti- karya were first plotted semiautomatically after standardized thresh-
cals, King of Prussia, PA); the D2-selective agonist R(2)-quinpirole olding of the images (Moratalla et al., 1996), and analyses were
HCl (10 mM; Research Biochemicals, Incorporated [RBI], Natick, based on calculations of numbers of nuclei (perikarya) per unit area.
MA); the D1-class antagonist R(1)-SCH-23390 HCl (1 mM; RBI); the
D2-class antagonist metoclopramide (10 mM, 100 mM; Sigma, St. Acknowledgments
Louis, MO); the L-type voltage-sensitive Ca21 channel agonist S(2)-
BAY K 8644 (1 mM; RBI); the L-type voltage-sensitive Ca21 channel Correspondence should be addressed to A. M. G.
antagonists nifedipine (10 mM; RBI) and nitrendipine (10 mM; RBI); We thank J. Weinstock of SmithKline Beecham Pharmaceuticals
the NMDA receptor agonist NMDA (100 mM; RBI); the competitive for SKF-81297, I. Bekersky of Fujisawa Pharmaceuticals USA for
NMDA receptor antagonist D(2)-2-amino-5-phosphonopentanoic FK506, D. D. Ginty and M. E. Greenberg for CREB and PCREB
acid (AP5, 100mM; RBI); the noncompetitive NMDA receptor antago- antisera and generous help with the Western blotting, H. Hemmings,
nist MK801 (10 mm; RBI); the AMPA/kainate receptor antagonist E. L. Gustafson, and P. Greengard for DARPP-32 antibody, and K.
CNQX (10 mM, 40 mM; RBI); 1-nor-okadaone (1.5 mM; LC Labora- Toyama, W. Quinn, and E. Fusco for reading an earlier version of
tories, Woburn, MA); the adenylate cyclase activator forskolin (10 the manuscript. We thank D. Major, H. F. Hall, and G. Holm for their
mM; RBI); the PP-1 and PP-2A inhibitors okadaic acid (1.5 mM; RBI) innovative help. This work was supported by National Institutes of
and calyculin A (1 mM; RBI); the calcineurin inhibitor FK506 (10 mM, Health grant 1-R01-HD28341, the Science Partnership Fund at the
50 mM, provided by Dr. I. Bekersky of Fujisawa Pharmaceuticals Massachusetts Institute of Technology, andthe Council for Tobacco
USA; Liu et al., 1991); the structural analog of FK506, rapamycin (10 Research.
mM; RBI); the sodium channel blocker TTX (1 mM; Sigma); or the The costs of publication of this article were defrayed in part by
Ca21 chelator EGTA (10 mM; Sigma) and KCl (50 mM; Mallinkrodt). the payment of page charges. This article must therefore be hereby
For blocking experiments, antagonists were given 30 min before marked "advertisement" in accordance with 18 USC Section 1734
agonist application. All drugs were made up in stock solutions, and solely to indicate this fact.
stock was added directly orafter serial dilutionto theculture medium
in each well. Each drug treatment was carried out at least in du- Received March 20, 1996; revised November 12, 1996.
plicate.
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